The retina is nourished by two distinct circulations: the retinal vessels within the inner retina and the choroidal vessels behind the neural retina. The outer nuclear layer and the inner and outer segments of the photoreceptors in between are avascular. The aim of this study was to determine whether arterial spin labeling MRI could provide sufficient resolution to differentiate between quantitative retinal blood flow (rBF) and choroidal blood flow (chBF), and whether this technique is sufficiently sensitive to detect vascular-specific blood flow (BF) changes modulated by anesthetics. Arterial spin labeling MRI was performed at 42 T 42 T 400 mm 3 in the mouse retina at 7 T, and was used to investigate the effects of isoflurane and ketamine/xylazine anesthesia on rBF and chBF. MRI yielded unambiguous differentiation of rBF, chBF and the avascular layer in between. Under isoflurane, chBF was 7.7 W 2.1 mL/g/min and rBF was 1.3 W 0.44 mL/g/min (mean W SD, n ¼ 7, p < 0.01). Under ketamine/xylazine anesthesia in the same animals, chBF was 4.3 W 1.9 mL/g/min and rBF was 0.88 W 0.22 mL/g/min ( p < 0.01). Under ketamine/xylazine anesthesia, rBF was lower by 29% (P < 0.01) and chBF by 42% (P < 0.01) relative to isoflurane. This study demonstrates, for the first time, the quantitative imaging of rBF and chBF in vivo, providing a new method to study basal values and alterations of rBF and chBF.
INTRODUCTION
The retina consists of multiple structured layers and is nourished by two separate blood supplies: the retinal and choroidal circulations, located on either side of the retina (1) . Starting from the vitreous, the anatomical layers of the neural retina include the ganglion cell layer, inner plexiform layer, inner nuclear layer, outer plexiform layer, outer nuclear layer, and inner and outer segments. Behind these layers are the retinal pigment epithelium, choroid and sclera. The neural retina and choroid together are only about 250 mm thick in rodents (2, 3) . Retinal vessels are mainly localized on the inner surface of the retina, with arterioles and capillaries projected into the ganglion cell layer, inner plexiform layer and inner nuclear layer. The choroidal vessels are located external to the neural retina in the choroid. The outer nuclear layer and the inner and outer segments -located in between the retinal and choroidal vascular layers -are without blood vessels. There are substantial differences in basal blood flow (BF) and BF regulation between the two blood supplies. Choroidal blood flow (chBF) is many times greater than retinal blood flow (rBF), which is similar to cerebral BF (1, 4, 5) . The two vasculatures also respond differently to various BF-regulating factors (6) (7) (8) .
There is evidence that the two circulations may have different susceptibility to diseases and their deterioration may progress differently. For example, in a cat model of retinitis pigmentosa, rBF is severely compromised, whereas chBF is not affected significantly relative to controls (9) . In diabetic retinopathy, the choroidal and retinal blood vessels are anatomically abnormal, and the blood velocity decreases in retinal vessels in the early phase in streptozotocin-induced diabetic rat retina (10, 11) . Imaging technologies that can quantify noninvasively baseline and dynamic changes of rBF and chBF separately in vivo may help to better understand how these two vascular layers are affected, improving the understanding of disease pathophysiology in vivo. However, the resolution of rBF and chBF is challenging because of the thin retina.
BF to the retina has been studied using destructive microsphere techniques in animals (4, 5, 8, 9, 12, 13) . The in vivo qualitative BF index from the entire retinal thickness of combined retinal and choroidal layers has been reported using optical techniques, such as laser Doppler flowmetry (6) and laser speckle imaging (14) . Blood velocity can be measured on surface vessels using optical methods, such as fluorescein angiography (15) . Blood velocity can also be measured in retinal and choroidal blood (wileyonlinelibrary.com) DOI:10.1002/nbm.1576
Research Article vessels using optical coherence tomography (16) . Optical techniques are generally qualitative or the signals are measured from individual blood vessels, which may not accurately reflect local tissue perfusion. In addition, distinguishing BF in the retinal or choroidal vessels using optics is difficult because of the lack of depth resolution with most techniques. Moreover, optical techniques require an unobstructed light path, so eye diseases, such as vitreal hemorrhage and cataract, may preclude the use of optical techniques.
MRI provides noninvasive in vivo structural, physiological and functional information without depth limitation and has widespread preclinical and clinical applications. Quantitative BF can be imaged with MRI using an exogenous intravascular contrast agent (referred to as dynamic susceptibility contrast MRI) or by magnetically labeling endogenous water in blood [referred to as arterial spin labeling (ASL) MRI] (17). ASL is widely utilized to measure quantitative basal BF and dynamic BF changes associated with functional stimulations in the brain (17) . The main drawback of MRI, in general, relative to optical techniques is that it has a lower spatial resolution and a lower signal-to-noise ratio.
In recent years, high-resolution laminar-specific imaging of the retina has been reported. Anatomical MRI yielded a layer-specific structure of the retina (2, 18, 19) . Blood oxygenation level-dependent functional MRI (BOLD fMRI) detected changes associated with physiological stimulations (2), and manganese-enhanced MRI showed differences between light-and dark-adapted retina (19) . Disease-induced changes in retinal thicknesses and retinal responses to physiological challenges have been detected by anatomical and BOLD fMRI in rats with retinal degeneration (2) . In contrast with anatomical MRI and BOLD fMRI, the signal-to-noise ratio of BF MRI is two orders of magnitude lower, in part because the blood volume in the central nervous system averages 3-5% of the total tissue volume. Although BF MRI in the rat retina has been demonstrated recently, it did not have sufficient spatial resolution to distinguish the two vascular layers of the retina (20, 21) .
In this study, high-resolution ASL MRI was utilized to image quantitative, layer-specific rBF and chBF in the mouse retina at 42 Â 42 Â 400 mm 3 resolution at 7 T. BF was measured using the novel cardiac spin labeling technique (22) and a highperformance gradient. The cardiac spin labeling technique is based on the continuous ASL BF technique with a separate labeling coil placed at the heart position (instead of the neck position) to avoid saturation of the imaging slice given the small mouse size. The high-performance gradient affords the use of a very small field of view to enhance high spatial resolution with minimal echo time and data readout time. Moreover, the effects of two anesthetics -isoflurane [a cerebral vasodilator (23) ] and ketamine/xylazine [a cerebral vasoconstrictor (24, 25) ] -on rBF and chBF were also investigated.
MATERIALS AND METHODS

Animal preparation
All animal experiments were performed with institutional approval and in accordance with the Statement for the Use of Animals in Ophthalmic and Vision Research. Experiments were performed on C57BL/6 mice (four female, three male; 5-11 weeks old; 17-28 g; n ¼ 7). Animals were first anesthetized with 5% isoflurane, put into a head holder with ear and tooth bars, and placed in an animal holder with a built-in labeling radiofrequency coil and a circulating warm water pad. A 30-gauge needle was inserted in the intraperitoneal space of the animal and extended via PE-10 tubing to outside the scanner for drug administration without moving the animal during MRI. Imaging was performed first under 1.1% isoflurane and spontaneous breathing conditions. In the same animals, anesthesia was subsequently switched to ketamine/xylazine (100 mg/kg-10 mg/kg, intraperitoneally) and isoflurane was discontinued. MRI was repeated approximately 10 min after switching the anesthetics. Air and oxygen were mixed to provide 30% O 2 to the animals during imaging under both anesthetics. MRI under isoflurane was performed first in all mice because its half-life is much shorter than that of ketamine/xylazine, allowing the two anesthetics to be studied in the same animals in the same setting within a reasonable time, thereby reducing intersubject variation. The respiration rate, recorded continuously via a force transducer, was approximately 115 breaths/min under isoflurane and approximately 95 breaths/min under ketamine/xylazine. The rectal temperature was monitored continuously and maintained at 37 AE 0.58C. Mice were prepared in a lit room before being transferred to the MRI room, in which the lights were turned off. Lighting conditions were not changed during the duration of imaging. In addition, some mice (n ¼ 4) were sacrificed in the scanner after in vivo experiments with sodium pentobarbital (250 mg/kg, intraperitoneally), and BF imaging was repeated a few minutes after respiration ceased.
MRI methods
MRI studies were performed on a 7-T/30-cm horizontal magnet and a 150-G/cm BGA6S gradient insert (Bruker, Billerica, MA, USA). For imaging, a small circular surface eye coil with active decoupling (internal diameter, 0.6 cm) was placed over the left eye. A circular labeling coil (internal diameter, 0.8 cm) was placed at the heart position for a cardiac spin labeling technique as described previously (22) . The two coils were separated by 2.3 cm from center to center.
BF MRI was acquired using two-coil continuous ASL with an echo planar imaging (EPI) sequence. Paired images, one with and one without labeling, were acquired in an interleaved fashion. ASL employed a 2.94-s square radiofrequency pulse to the labeling coil in the presence of a 2.0-G/cm gradient along the flow direction with a post-label delay of 10 ms. The sign of the frequency offset was switched for nonlabeled images. Images were acquired in a coronal orientation with a single slice passing through the retina just below the optic nerve head, with the slice angled perpendicular to the retina. Two-segment, gradient-echo EPI was used with a field of view of 6.0 Â 6.0 mm 
Data analysis
Image analysis was performed using codes written in Matlab (Math-Works Inc., Natick, MA, USA), STIMULATE software (University of Minnesota, USA) and Statistical Parametric Mapping (SPM) software. Images were zero-padded to 256 Â 256 (nominal resolution, 23 Â 23 mm 2 ) before subsequent processing. All images from each scan were acquired as a time series, aligned using the spatial realignment function in SPM5 and averaged offline. BF images of the eye S BF , in units of (mL blood)/(g tissue)/min, were calculated pixel by pixel using (22) , where S NL and S L are the signal intensities of the nonlabeled and labeled images, respectively. l, the tissue-blood partition coefficient of water, was taken to be 0.9, the same as in the brain (26) . l, a difficult measurement, has not been reported for the retina or choroid. The retinal and choroidal T 1 at 7 T was taken to be 1.8 s (27) , which is similar to brain T 1 . The labeling efficiency a was measured previously to be 0.7 (22) .
BF intensity profiles across the retinal thickness were obtained from BF images by radially projecting lines perpendicular to the retina (2) with profiles obtained at 4 Â spatial interpolation. BF profiles were averaged along the length of the retina. Measurements of peak values and layer thicknesses -defined as the half-height width of the peaks -were determined from the average BF profiles for each animal. Because there was no BF post-mortem, BF measurement was made by aligning postmortem anatomical profiles to the profiles obtained under isoflurane. The locations of rBF and chBF peaks were determined from the isoflurane BF profile. Post-mortem rBF and chBF were then measured from the post-mortem BF profile by averaging over nine points centered at the respective BF peak. Groupaverage data were tabulated and expressed as the mean AE standard deviation (SD). All statistical analyses used two-sided, paired t-tests with p < 0.05 indicating statistical significance, unless otherwise specified.
RESULTS
With a resolution of 42 Â 42 Â 400 mm 3 , two distinct BF layers in the retina were resolved, separated by a region of no BF contrast (Fig. 1A) . The outer BF layer, which corresponds to the choroid, had very high BF. The inner BF layer, which corresponds to the retinal vessels, had substantially lower BF than the choroid. The middle layer, with little to no BF contrast, corresponds to the avascular region -made up of the outer nuclear layer and the outer and inner photoreceptor segments. BF signals in the ciliary bodies and extra-ocular tissue were also detected sometimes, although not clearly or consistently because of susceptibility-induced signal dropout in the anterior regions of the eye. No statistically significant BF signal was detected in the vitreous or lens ( p > 0.05, one-sample t-test comparing the sample mean to zero, n ¼ 7). Figure 1B shows a BF image obtained from the same mouse post-mortem. No BF contrast was detected in the dead animal ( p > 0.05 for both rBF and chBF, one-sample t-test comparing the sample mean to zero, n ¼ 4), suggesting that BF was the source of signals in vivo. The BF profiles in Fig. 1C show two BF layers distinctly separated by an avascular region in the live mouse and the absence of BF contrast in the dead mouse retina.
Layer-specific BF measurements were made under isoflurane ( Fig. 2A) and ketamine/xylazine (Fig. 2B) . Group-averaged BF . rBF and chBF were both substantially lower under ketamine/xylazine relative to isoflurane. Table 1 summarizes the peak rBF and chBF values under each anesthetic. BF under ketamine/xylazine was 42% lower in the choroid ( p < 0.01, n ¼ 7) and 29% lower in retinal vessels ( p < 0.01), relative to isoflurane. The ratio of chBF : rBF was 6.3 under isoflurane and 4.8 under ketamine/xylazine, suggesting that these anesthetics affect rBF and chBF differently. The magnitudes of the changes in chBF and rBF between anesthetics, À3.4 and À0.42 mL/g/min, respectively, were significantly different from each other ( p < 0.05).
Linear regression analysis showed no statistically significant differences over 15 min of imaging time (n ¼ 5, p > 0.05 for rBF and chBF under isoflurane and ketamine/xylazine). The groupaveraged SDs across acquisition time for isoflurane were 0.22 and 0.53 mL/g/min for rBF and chBF, respectively. The group-averaged SDs across time for ketamine/xylazine were 0.33 and 0.36 mL/g/ min for rBF and chBF, respectively. These findings support the stability of ASL BF MRI and animal physiology.
Based on the BF profiles, the thicknesses of the retinal and choroidal vascular layers and the avascular layer in between were estimated ( Table 2 ). The average thickness of the retina, including the choroid, was about 249 mm under isoflurane and ketamine/ xylazine ( p > 0.05, n ¼ 7). The distances between the rBF and chBF peaks were 170 mm (isoflurane) and 161 mm (ketamine/ xylazine) ( p > 0.05).
DISCUSSION
This study demonstrates noninvasive, high-resolution, quantitative measurements of rBF and chBF in the mouse retina in vivo. This was made possible by the novel cardiac spin labeling BF MRI and a high-performance gradient. chBF was many times higher than rBF. In addition, rBF was 29% lower and chBF was 42% lower under ketamine/xylazine relative to isoflurane. This approach provides reliable quantification of rBF and chBF, as well as the detection of differences between the two anesthetics. ASL BF MRI 
Movement and partial-volume effect
Potential hardware drift and eye movement artifacts associated with MRI of the retina have been addressed in detail elsewhere (28) . In contrast with previous studies of the rat retina, in which paralytics were found to be needed in addition to isoflurane (2, 28) , in this study, eye movement in isoflurane-anesthetized mice was considerably lower, and therefore paralytics were unnecessary. Any small motion that occurred over prolonged scans was tolerable and effectively corrected by image alignment. Although both isoflurane and ketamine/xylazine were effective in minimizing eye movement in mice, ketamine/ xylazine yielded more stable images than isoflurane in the same animals, probably because xylazine is also a muscle relaxant (24) . The in-plane resolution of 42 Â 42 mm 2 (before zero filling and interpolation) had approximately six pixels across the entire retina and choroid. This spatial resolution was sufficient to clearly differentiate BF between the retinal and choroidal vascular layers. In the slice thickness direction, the partial-volume effect caused by the curvature of the retina from a slice thickness of 0.4 mm was estimated to be 12 mm, or less than 5% of the total retinal thickness, assuming a spherical mouse eye of 3.3 mm in diameter and a retina 270 mm thick (combined neural retina and choroid).
BF calculation
The ASL technique for imaging the retina and choroid contains some assumptions and limitations. The blood-tissue partition coefficient (l) of the brain (26) was used in the BF calculations because the blood-tissue partition coefficients in the retina and choroid have not been measured. This is a reasonable assumption for the retina because it is a neural tissue and has similar BF and water content to gray matter (26, 29) . In this study, we did not consider the effect of transit time on BF measurements. In rats, transit time to the brain is short, approximately 200 ms, and, in mice, the transit time is expected to be shorter. In addition, the labeling efficiency used was measured at the brain (22) , modeling the transit delay effects as a modulation of labeling efficiency. However, there could be a slight transit time difference between the two anesthetics which may cause some error in BF comparison, although we do not expect this to be significant in mice. In some disease states, such as vascular occlusive diseases, the effect of the transit time could be significant and would need to be corrected using appropriate post-labeling delays. Previous measurements have shown that retinal T 1 is similar to brain T 1 at 7 T (27) . It has also been reported at 11.7 T that retinal and choroidal T 1 are similar to brain T 1 (3) . T 2 and the apparent diffusion coefficient of the retina have also been reported to be similar to those of the brain in cats (18) . BF errors from l and T 1 inaccuracies are likely to be small and cause only a linear offset, which affects measurement accuracy but not precision. As such, reliable comparison across experimental groups can be made if the experimental settings are similar.
Thickness measurements from BF data
Precise comparison between MRI and histology is not possible because of the limited in-plane resolution of 42 mm. In addition, images acquired with EPI showed noticeable geometric distortion which probably introduces a small error in thickness measurements. MRI thicknesses should still provide a reasonable estimate when compared with histology. In this study, the neural retina (including the rBF layer and avascular layer) determined by BF MRI was about 171 mm. The neural retina has been reported to be 182 mm in mice (3) and 180 mm in rats (2) by anatomical MRI. Histological thickness measurements of the neural retina were 176-223 mm in mice (3, 30, 31) and 169 mm in rats (2) . The neural retinal thicknesses in mice and rats from MRI and histology are in reasonably good agreement.
The choroidal thickness was 78 mm by BF MRI, consistent with the choroidal thickness of 86 mm reported in rats (2), although somewhat thicker than the value of 52 mm reported in mice (3) with anatomical MRI. The choroidal thickness measured by histology is 15-28 mm in mice (3,31) and 37 mm in rats (2), thinner than the MRI-measured thicknesses. Similar differences have been noted in humans between in vivo measurements of choroidal thickness using optical coherence tomography (32) compared with histological measurements (33) . Possible explanations for this difference include partial-volume effects from the limited MRI spatial resolution, histological shrinkage and collapse of choroidal vessels after being removed from the systemic circulation for histology. The peak-to-peak distances between the rBF and chBF profiles were 170 and 161 mm in this study, under isoflurane and ketamine/xylazine, respectively, comparable with the peak-to-peak distance of 162 mm in rats measured by anatomical MRI (2).
Quantitative rBF and chBF
Under isoflurane, rBF was 1.3 mL/g/min and chBF was 7.7 mL/g/ min. Under ketamine/xylazine, rBF was 0.88 mL/g/min and chBF was 4.3 mL/g/min. rBF and chBF have been reported using destructive techniques, including microspheres, autoradiography, krypton-85 washout and hydrogen clearance methods. Table 3 summarizes the results from these methods in various Table 2 . Thicknesses (mm) of the retinal vascular layer, avascular layer and choroidal vascular layer, total thickness and peak-to-peak distance between retinal and choroidal vasculatures. There were no statistically significant differences between the anesthetics in any of these parameters species and experimental conditions. Values of rBF have been shown to range from 0.12 to 3.73 mL/g/min, whereas chBF values vary in the range 2-18.98 mL/g/min. The MRI BF measurements in this study fall somewhere in the middle of these reported ranges.
These comparisons show that rBF and chBF measurements vary over a wide range. Factors that could contribute to this spread include differences in species, anesthetics and methodologies. The extent of the retinal vasculature varies widely in mammals, with some species completely lacking this vascular layer (1, 34) , giving rise to large species' differences. As demonstrated, different anesthetics and dosages have marked effects on BF (20) . MRI BF measurements contain certain assumptions, as described above. The size and dose of microspheres can also have a significant effect on the measurement of rBF and chBF (35) . BF in the eye measured by microspheres is often given in units of mL blood/min/whole tissue. Conversion to mL/g/min requires the weight of the whole neural retina and whole choroid. Such conversion could introduce inaccuracies in quantitative values through the dehydration of tissue before weighing, difficulty separating the whole retina and choroid from other tissues, and the use of the entire retinal weight when the retinal vessels only perfuse the inner retina (8, 9) .
Regardless of the experimental conditions or units, chBF has been consistently reported to be many times higher than rBF (1, 8, 9, 26, 36, 37) , with the chBF : rBF ratios ranging from seven (36) to 80 (38) . In this study, MRI measured chBF to be 6.3 times larger than rBF under isoflurane and 4.8 times larger than rBF under ketamine/xylazine, most consistent with findings using the krypton-85 washout method (36) . These results are also consistent with an MRI study using an intravascular contrast agent (gadolinium diethylenetriaminepentaacetate), which enhanced the choroidal vascular layer more than the retinal vascular layer (2) . A higher chBF also agrees with a previous MRI study which reported combined rBF and chBF in rats, at a resolution that was insufficient to resolve the retinal and choroidal vascular layers, as 6.3 AE 1.0 mL/g/min under 1% isoflurane and similar experimental conditions to those used here (20) . Table 3 also summarizes cerebral BF data measured in the same animals, in addition to rBF and chBF. By comparison, chBF is many times higher than cerebral BF, whereas rBF is similar to cerebral BF. Cerebral BF has been reported to be 0.86-1.27 mL/g/ min in rats (17) and 1.1 mL/g/min in mice (22) under 1% isoflurane, similar to rBF (1.3 mL/g/min) but much lower than chBF (7.7 mL/g/min) measured here. Together, these comparisons support the validity of ASL BF MRI measurements in the retina and choroid.
Effects of different anesthetics
Isoflurane is a known vasodilator. BF under isoflurane is higher than BF in awake conditions in the brain (17, 23) , and a higher isoflurane concentration yields higher cerebral BF up to 2% isoflurane (17, 23) . In the rat retina, total BF (combined rBF and chBF) under 1.5% isoflurane was 48% higher than that under 1.0% isoflurane (20) , showing similar effects as in the brain. In contrast, ketamine/xylazine is known to cause vasoconstriction and has been shown to yield 25-65% lower cerebral BF compared with isoflurane, depending on the brain region (25) .
Both rBF and chBF were higher under isoflurane than under ketamine/xylazine, consistent with these anesthetic effects in the brain. This probably represents the combined effect of the removal of vasodilatory isoflurane and the addition of vasoconstrictive ketamine/xylazine. chBF under ketamine/xylazine was 42% lower, but rBF under ketamine/xylazine was only 29% lower, compared with isoflurane. These changes could be a result of systemic effects of the anesthetics, or local effects, which could explain the large BF difference in the choroid.
Systemic respiratory, cardiovascular or metabolic differences between the two anesthetics could account for these global BF differences. The respiration rate was lower under ketamine/ xylazine than under isoflurane, which could potentially result in a lower partial pressure of arterial oxygen (P a O 2 ) and a higher partial pressure of arterial carbon dioxide (P a CO 2 ) (24, 25) . These changes could not explain the lower BF under ketamine/xylazine because they should increase BF. Ketamine/xylazine does not have a significant effect on blood pressure relative to isoflurane in rats (25) , but xylazine has been reported to cause an initial hypertension followed by a return to normal or low blood pressure (24) . Xylazine could affect rBF and chBF differently. Xylazine is an a 2 -agonist which binds central and peripheral a 2 -adrenoreceptors in the sympathetic nervous system (24) . The choroid contains sympathetic nerves which can induce vasoconstriction (39) (40) (41) , whereas retinal vessels lack direct sympathetic innervation (40, 41) . This could explain why ketamine/xylazine reduced chBF more than rBF.
Other studies also support the hypothesis that rBF and chBF are regulated differently in some ways. Hyperoxia has little effect on chBF, as measured by laser Doppler flowmetry in the human macula (6) . Oxygen electrode measurements showed differential tissue pO 2 responses in the two vascular layers when challenged with hyperoxia and carbogen (42) . Interestingly, in the cat eye, halothane caused rBF to increase and chBF to decrease (4) . A BOLD fMRI study also suggested differential responses to hyperoxia and hypercapnia in the two vascular layers (2) .
CONCLUSIONS
This study has demonstrated the unambiguous resolution of quantitative rBF and chBF in vivo by high-resolution MRI. The BF MRI approach is capable of detecting the effects of isoflurane and ketamine/xylazine anesthesia on rBF and chBF. MRI has the potential to provide information on the unique rBF and chBF regulation in the normal retina, and rBF and chBF dysregulation in disease states. Quantitative BF measurement affords a comparison of BF changes between experimental groups, facilitating early detection and the monitoring of treatment efficacy. In addition, because MRI is noninvasive, this technique could potentially be used in human applications. However, much work remains to be performed before clinical applications can be realized. This technique could provide a valuable tool to study animal models of retinal diseases. Future studies will include a comparison of BF MRI with other BF measurement techniques (such as microspheres), and an investigation of the layer-specific retinal and choroidal responses to physiological and visual stimulation, as well as disease states.
